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
Abstract² 6WDQGDUG PLFURSKRQHV DQG XOWUDVRQLF GHYLFHV DUH
JHQHUDOO\ GHVLJQHG ZLWK D VWDWLF DQG IODW IUHTXHQF\ UHVSRQVH LQ
RUGHU WR DGGUHVV PXOWLSOH DFRXVWLF DSSOLFDWLRQV +RZHYHU WKH\
PD\ QRW EH IOH[LEOH RU DGDSWDEOH HQRXJK WR GHDO ZLWK VRPH
UHTXLUHPHQWV)RULQVWDQFHZKHQRSHUDWHGLQQRLV\HQYLURQPHQWV
VXFK GHYLFHV PD\ EH YXOQHUDEOH WR ZLGHEDQG EDFNJURXQG QRLVH
ZKLFKZLOOUHTXLUHIXUWKHUVLJQDOSURFHVVLQJWHFKQLTXHVWRUHPRYH
LW JHQHUDOO\ UHO\LQJ RQ GLJLWDO SURFHVVRU XQLWV ,Q WKLV ZRUN ZH
FRQVLGHULIPLFURSKRQHVDQGXOWUDVRQLFGHYLFHVFRXOGEHGHVLJQHG
WREHVHQVLWLYHRQO\DWVHOHFWHGIUHTXHQFLHVRILQWHUHVWZKLOVWDOVR
SURYLGLQJ IOH[LELOLW\ LQ RUGHU WR DGDSW WR GLIIHUHQW VLJQDOV RI
LQWHUHVWDQGWRGHDOZLWKHQYLURQPHQWDOGHPDQGV7KLVUHVHDUFK
H[SORLWV WKH FRQFHSWZKHUH WKH ³WUDQVGXFHUEHFRPHV SDUW RI WKH
VLJQDOSURFHVVLQJFKDLQ´E\H[SORULQJIHHGEDFNSURFHVVHVEHWZHHQ
PHFKDQLFDODQGHOHFWULFDOPHFKDQLVPVWKDWWRJHWKHUFDQHQKDQFH
SHULSKHUDO VRXQG SURFHVVLQJ7KLV FDSDELOLW\ LV SUHVHQWZLWKLQD
ELRORJLFDO DFRXVWLF V\VWHP QDPHO\ LQ WKH HDUV RI FHUWDLQ PRWKV
7KDW ZDV XVHG DV WKH PRGHO RI LQVSLUDWLRQ IRU D VPDUW DFRXVWLF
VHQVRUV\VWHPZKLFKSURYLGHVG\QDPLFDGDSWDWLRQRILWVIUHTXHQF\
UHVSRQVH ZLWK DPSOLWXGH DQG WLPH GHSHQGHQF\ DFFRUGLQJ WR WKH
LQSXWVLJQDORILQWHUHVW

Index Terms² ELRLQVSLUHG DFRXVWLF WUDQVGXFHU G\QDPLF
IUHTXHQF\DGDSWDWLRQIHHGEDFNFRQWUROHPEHGGHGV\VWHPUHDO
WLPH VLJQDOSURFHVVLQJ PRWK DXGLWRU\ V\VWHP UHVRQDQFH
IUHTXHQF\SURWRW\SLQJ
, ,1752'8&7,21
2 GHVLJQ VHQVRUV ZKLFK FDQ EH VHQVLWLYH WR VPDOO VLJQDO
LQWHQVLWLHV ZKHQ PDVNHG E\ QRLVH PD\ UHTXLUH
XQFRQYHQWLRQDO WKLQNLQJ %LRORJ\ FDQ SURYLGH LQVSLUDWLRQ WR
VROYH FXUUHQW KXPDQ SUREOHPV DOORZLQJ WKH HQJLQHHULQJ
ODQGVFDSHWRERUURZLGHDVWRGHVLJQFOHYHUVHQVRUVDQGV\VWHPV
6RPHH[DPSOHVRIELRLQVSLUDWLRQLQFOXGHURERWLFDUPVPRYHG
ZLWK WKH WKRXJKWV RI SDUDO\]HG SHRSOH >@ FRFKOHDU LPSODQWV
GHVLJQHG WRSURYLGH KHDULQJFDSDELOLWLHV WRGHDISHRSOH >@
SURVWKHVHVZLWKWKHSRWHQWLDOWRKHOSVXEMHFWVZKRVXIIHUHGEUDLQ
GDPDJH>@DUWLILFLDOUHWLQDVIRUEOLQGSHRSOH>@PLQLDWXUL]HG
GLJLWDOFDPHUDVLQVSLUHGE\WKHYLVXDOV\VWHP>@DPRQJRWKHU
H[DPSOHVRIELRLQVSLUDWLRQ>@/RRNLQJLQWRWKHHDUH[DPSOH
DXGLWRU\ V\VWHPV H[KLELW FOHYHU PHFKDQLVPV WR UHWULHYH DQG
SURFHVV DFRXVWLF LQIRUPDWLRQ )RU LQVWDQFH PHFKDQLFDO
DPSOLILFDWLRQDQGIHDWXUHVOLNHVKDUSIUHTXHQF\VHOHFWLYLW\DQG
DPSOLILFDWLRQZLWKQRQOLQHDUFRPSUHVVLYHJDLQVDUHDUHVXOWRI
DFWLYHSURFHVVHVZKLFKQRWDEO\HQKDQFHKHDULQJFDSDELOLWLHV>

7KLV UHVHDUFK LV IXQGHG E\ WKH (XURSHDQ 5HVHDUFK &RXQFLO XQGHU WKH
(XURSHDQ 8QLRQ¶V 6HYHQWK )UDPHZRUN 3URJUDPPH )3  (5&
*UDQW$JUHHPHQWQ>@
@ 1HXURQDO FRGLQJ DQG SURFHVVLQJ DOVR SOD\V D UROH LQ WKH
VLJQDOSURFHVVLQJLQWKHKHDULQJZKHUHVRXQGLVHQFRGHGDQG
SURFHVVHG LQ D IRUPRI HOHFWULFDO VLJQDOV ZKLFK WKH EUDLQ FDQ
LQWHUSUHWWRPDNHVHQVHRIWKHDFRXVWLFLQIRUPDWLRQ>@
'XHWRLWVUHODWLYHO\UHGXFHGFRPSOH[LW\LQVHFWKHDULQJKDV
EHHQXVHGDVDPRGHOWRLQVSLUHQRYHOGHVLJQVRIPLQLDWXUL]HG
PLFURSKRQHV>@:RUNLQJ WRZDUGV WKDWZHLQWURGXFHGD
QRYHOFRQFHSWRIDIUHTXHQF\DJLOHV\VWHPELRLQVSLUHGE\WKH
DXGLWRU\ V\VWHP RI D PRWK  Noctua pronuba >@ 7KLV LV D
VPDUWDFRXVWLFWUDQVGXFHUFRQFHSWZKLFKDXWRPDWLFDOO\DGDSWV
LWVQDWXUDOIUHTXHQF\UHVSRQVHDFFRUGLQJWRWKHLQWHQVLW\RILQSXW
VRXQG VLJQDOV XVLQJ DQ HPEHGGHG V\VWHP LQ WKH IHHGEDFN
FRQWURO ORRS WKDW DOORZVDXWRPDWLFXSGDWHVRI WKHPHFKDQLFDO
SURSHUWLHVRIWKHIURQWHQGWUDQVGXFHU7KLVSDSHULVRUJDQL]HG
DV IROORZV 6HFWLRQ ,, LQWURGXFHV VRPH EDFNJURXQG FRQWH[W
DERXWPRWKKHDULQJ6HFWLRQ,,,GHWDLOVWKHRYHUDOODQDWRP\DQG
DUFKLWHFWXUHRIWKHSXUSRVHEXLOWV\VWHP6HFWLRQ,9GHVFULEHV
WKHHPEHGGHGV\VWHPVHWXSGHYHORSHGWRREWDLQUHVXOWVLQUHDO
WLPH6HFWLRQ9SUHVHQWVWKHWKHRUHWLFDOPRGHODQGVLPXODWLRQV
XVHGWRVXSSRUWWKHFRQFHSWRIDIUHTXHQF\DJLOHVHQVRUV\VWHP
DQG DOVR WR YDOLGDWH WKH H[SHULPHQWDO UHVXOWV 6HFWLRQ 9,
KLJKOLJKWV WKH UHVXOWV SHUIRUPHG WR FKDUDFWHUL]H WKH SXUSRVH
EXLOWVHQVRUV\VWHPDQGLWVRYHUDOOUHVSRQVHDQGILQDOO\6HFWLRQ
9,, VXPPDUL]HV WKH PDLQ FRQFOXVLRQV DQG IXWXUH SURVSHFWV
WRZDUGV WKH GHYHORSPHQW RI IUHTXHQF\ DJLOH DFRXVWLF VHQVRUV
DQGV\VWHPV
,, %$&.*5281'%,2/2*<±7+(027++($5,1*6<67(0
+HDULQJLVDFKLHYHGGXHWRLQWHUDFWLRQVEHWZHHQPHFKDQLFDO
DQG HOHFWULFDO SURFHVVHV LQVLGH WKH DXGLWRU\ V\VWHP 1DWXUDO
FRXSOLQJ EHWZHHQ WKHVH WZR PHFKDQLVPV KDV HYROYHG WR
HQKDQFHDQGLPSURYHWUDQVGXFWLRQDQGVXEVHTXHQWSURFHVVLQJ
RIDFRXVWLFVLJQDOV>@$LPLQJWRUHWULHYHDFRXVWLFFXHVVRXQG
LV FRQYHUWHG WR UHFLSURFDO HOHFWULFDO VLJQDOV )RU LQVWDQFH LQ
W\PSDQLFOLNHKHDULQJHJLQDPRWKPHFKDQLFDOIRUFHVDFWLQJ
RYHUDVRXQGZDYHVHQVLWLYHV\VWHPWKHW\PSDQLFPHPEUDQH±
SDVVLYH PHFKDQLFDO VWUXFWXUH OHDGV WR WKH SURFHVV RI LRQ
LQIOX[HV LQ WKH VWUHWFKVHQVLWLYH FHOOV LH PHFKDQRUHFHSWRU
FHOOVDWWDFKHGWRLW0HFKDQRUHFHSWRUFHOOVHJVWHUHRFLOLDDUH
WKH W\SH RI ELRORJLFDO VHQVRUV WKDW WUDQVGXFH H[WHUQDO
PHFKDQLFDO VWLPXOXV LH VRXQG  DQG UHVXOWDQW PRWLRQ LQWR
HOHFWULFDO VLJQDOV $OWHUQDWH GLVSODFHPHQWV LQGXFHG RQ WKH
-RVp*XHUUHLUR-RVHSK&-DFNVRQDQG-DPHV)&:LQGPLOODUHPHPEHUVRI
&HQWUH IRU 8OWUDVRQLF (QJLQHHULQJ (OHFWURQLF DQG (OHFWULFDO (QJLQHHULQJ
'HSDUWPHQW 8QLYHUVLW\ RI 6WUDWKFO\GH *ODVJRZ 6FRWODQG 8. HPDLO
^MRVHJXHUUHLURMRVHSKMDFNVRQMDPHVZLQGPLOO`#VWUDWKDFXN
6LPSOH(DUV,QVSLUH)UHTXHQF\$JLOLW\LQDQ
(QJLQHHUHG$FRXVWLF6HQVRU 6\VWHP
-RVp*XHUUHLUR Student Member, IEEE-RVHSK&-DFNVRQDQG-DPHV)&:LQGPLOOMember, IEEE
7
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W\PSDQLF PHPEUDQH IURP VRXQG WUDQVPLVVLRQ FDXVH
FRQVHTXHQW F\FOHV RI LQFUHDVLQJ DQG GHFUHDVLQJ IRUFH RQ WKH
VWHUHRFLOLDVRXQGWUDQVGXFWLRQ2QRQHKDQGSRVLWLYHF\FOHV
ZLOOLQGXFHWKHLRQFKDQQHOVWRRSHQZKLFKZLOOGHSRODUL]HWKH
FHOOVE\LQFUHDVLQJWKHLUSRWHQWLDOV2QWKHRWKHUKDQGQHJDWLYH
F\FOHVZLOOLQGXFHWKHFKDQQHOVWRFORVH7KLVSURFHVVUHSUHVHQWV
DQ RQRII PHFKDQLVP ZLWK VLPLODULW\ WR D SRVLWLYH KDOIZDYH
UHFWLILHUUHVSRQVHZLWKDFRQVHTXHQWFDSDFLWLYHFKDUJLQJHIIHFW
7KH FHOOXODU PHPEUDQH RI WKH PHFKDQRUHFHSWRU FHOOV FDQ EH
VHHQ DV D VPDOO FDSDFLWRU ZKLFK FKDUJHV HYHU\ WLPH VWUDLQ
LQFUHDVHVDQGGLVFKDUJHVZKHQ LW GHFUHDVHV >@$XGLWRU\
PHFKDQRUHFHSWRUFHOOVSRVVHVVV\QDSWLFFRQWDFWVZLWKDXGLWRU\
QHXURQV 'XULQJ WKLV WUDQVGXFWLRQ SURFHVV DXGLWRU\ QHXURQV
ZLOO GHSRODUL]H ZLWK HOHFWULFDO FKDUJH XQWLO WKHLU WKUHVKROG LV
UHDFKHGDWZKLFKSRLQWDQDFWLRQSRWHQWLDORFFXUVDVDUHVXOWRI
WKLV FRPSDUDWLYH SURFHVV 1HXURQV GHSRODUL]H DQG FDQ ILUH DW
GLIIHUHQW WKUHVKROG OHYHOV IRUPLQJ SDWWHUQV ZKLFK PD\
UHSUHVHQWVRPHSDUWLFXODUIHDWXUHRIWKHLQSXWVLJQDOVXFKDVLWV
LQWHQVLW\ OHYHO >@ 6SLNHOLNH HOHFWULFDO VLJQDOV DUH WKHQ
FRQGXFWHG DORQJ WKH DXGLWRU\ QHUYHV WRZDUGV XSSHU OHYHO
QHXURQDOV\VWHPVLQWKHEUDLQZKLFKLQWHUSUHWDQGFRQVHTXHQWO\
FDQIHHGEDFNUHVSRQVHVWRHQKDQFHSHULSKHUDOWUDQVGXFWLRQDQG
SURFHVVLQJ RI DFRXVWLF VLJQDOV LQ D VRUW RI IHHGEDFN ORRS
PHFKDQLVPDVLOOXVWUDWHGLQ)LJ

)LJ±2YHUYLHZRIDW\PSDQLFOLNHDXGLWRU\V\VWHPHJPRWKVKRZLQJ
WUDQVPLVVLRQDQGWUDQVGXFWLRQRIDFRXVWLFVLJQDOVLQWRHOHFWULFDOLQIRUPDWLRQ
ZKLFK LV WKHQSURFHVVHGDQG IHGEDFNE\ WKHEUDLQ WRHQKDQFHSHULSKHUDO
FRQGLWLRQLQJ DQG VLJQDOSURFHVVLQJ VXFK DV WXQLQJ5HGUDZQDQGDGDSWHG
IURP>@

$VSUHYLRXVO\PHQWLRQHGPRWKVKDYHDW\PSDQXPOLNHHDU
WKDW DFWV DV D SUHVVXUH VHQVRU IRU VRXQG VHQVLQJ ,W KDV EHHQ
UHSRUWHG LQ WKH OLWHUDWXUH WKDW WKH PRWK DXGLWRU\ V\VWHP LV
UHVSRQVLYHWRDZLGHEDQGRIIUHTXHQFLHV±XSWRN+]>@
,Q VRPH 1RFWXLG PRWKV LW VKRZV KLJK VHQVLWLYLW\ IRU TXLHW
VRXQGVDWORZIUHTXHQFLHV)LJF±JUHHQWUDFHZLWKUHVRQDQFH
IUHTXHQF\ ଴݂ DQG ZKHQ VWLPXODWHG ZLWK ORXG VRXQGVVHQVLWLYLW\ LV VKLIWHG WR KLJKHU IUHTXHQFLHV )LJ F ± RUDQJH
WUDFH ZLWK UHVRQDQFH IUHTXHQF\  ଴݂ᇱᇱ LQVWHDG 7KLV DXGLWRU\V\VWHP DXWRPDWLFDOO\ DGDSWV LWV VHQVLWLYLW\ WRZDUGV KLJKHU
IUHTXHQFLHV LQ RUGHU WR EHFRPH IUHTXHQF\ WXQHG ZLWK WKH
KXQWLQJ VLJQDOV RI EDWV >@ 5HPDUNDEO\ ZLWK RQO\ RQH
DXGLWRU\ UHFHSWRU FHOO W\SH XVLQJ WZR QHXURQV ZLWK GLIIHUHQW
SRWHQWLDOWKUHVKROGVZLWKLQWKHKHDULQJRUJDQWKLVPRWKLVDEOH
WRGHWHFWGLIIHUHQFHVRI VRXQG LQWHQVLW\ LQRUGHU WRFRSHZLWK
VSHFWUDOFKDQJHVZLWKLQWKHVLJQDOLQJRIEDWHFKRORFDWLRQFDOOV
7KLV DGDSWDEOH PHFKDQLVP RI VKLIWLQJ WRZDUGV KLJKHU
IUHTXHQFLHV LV VHHQ DV D VWUDWHJ\ RI GHIHQVH XVHG WR WULJJHU
EHKDYLRUDO UHDFWLRQV LQ RUGHU WR DYRLG D IDWDO SUHGDWLRQ 7KLV
DFWLYHWXQLQJPHFKDQLVPVKRZVLQWHUHVWLQJIHDWXUHVWKDWFDQEH
H[SORLWHG ZLWK JUHDW EHQHILW WR DFRXVWLF HQJLQHHULQJ DV
GHVFULEHGWKURXJKRXWWKHIROORZLQJ6HFWLRQV

)LJ±7\PSDQLFPHPEUDQHWXQLQJUHVSRQVHVLQWKHPRWKNoctua pronuba
$0LFURVFDOHHDURIN. pronuba%0HFKDQLFDOUHVSRQVHUHGWUDFHRI
WKH W\PSDQLF PHPEUDQH WR EDWOLNH LQFRPLQJ VRXQGV EOXH WUDFH &
)UHTXHQF\UHVSRQVHRIWKHW\PSDQLFPHPEUDQHIRUORZLQWHQVLW\VWLPXOXV
JUHHQWUDFHVKRZLQJWXQLQJDW ଴݂DQGIRUKLJKLQWHQVLW\VWLPXOXVRUDQJH
WUDFH VKRZLQJWXQLQJDW ଴݂ᇱᇱ5HGUDZQDQGDGDSWHGZLWKNLQGSHUPLVVLRQIURP>@
,,, $1$720<2)$)5(48(1&<$*,/($&2867,&6<67(0
)URP WKH HQJLQHHULQJ SRLQWRIYLHZ WKH 1RFWXLG PRWK
KHDULQJV\VWHPFDQEHUHSUHVHQWHGDVDV\VWHPFRPSRVHGRIDQ
DFRXVWLF VHQVRU ZLWK IHHGEDFN FRPSXWDWLRQ FDSDELOLWLHV DV
SUHVHQWHGLQ)LJZKHUHWKH³)UHTXHQF\$JLOH6HQVRU´EORFN
UHSUHVHQWVWKHW\PSDQLFPHPEUDQHLHIURQWHQGWUDQVGXFHU
DQGWKH³$GDSWLQJ&RQWURO6\VWHP´EORFNUHSUHVHQWVWKHEDFN
HQG QHXURQDO SURFHVVLQJ LH IHHGEDFN FRPSXWDWLRQ ZKLFK
DFWLYDWHVWKHIUHTXHQF\DJLOLW\RIWKHIURQWHQGVHQVRUWRDFFRXQW
IRULQSXWVLJQDOVWLPXOL

)LJ  ± 'LDJUDP RYHUYLHZ RI WKH IHHGEDFN FRQWURO V\VWHP XVHG WR
LPSOHPHQWWKHFRQFHSWRIDIUHTXHQF\DJLOHWUDQVGXFHU>@:KHUHݏLVWKH
UHIHUHQFH VLJQDO XVHG WR SURYLGH D SURFHVVLQJ UHVSRQVH RI WKH IHHGEDFN
V\VWHPDQG ௗܸ௥௜௩௜௡௚UHSUHVHQWVWKHFRQWUROVLJQDOXVHGWRDOWHUWKHIUHTXHQF\
UHVSRQVHRIWKHIURQWHQGWUDQVGXFHU
A. Frequency Agile Sensor 
)RUGHVLJQSXUSRVHVRIWKLVFRQFHSWWKHIURQWHQGWUDQVGXFHU
LVPDGHXVLQJDWKLQ.DSWRQPHPEUDQHSODFHGDQGJOXHGRQWRS
RIDSLH]RHOHFWULFGHYLFH3=7VWDFNZKLFKLVXVHGWRSURYLGH
!0DQXVFULSW1R6HQVRUV6LPSOH(DUV,QVSLUH)UHTXHQF\$JLOLW\LQDQ(QJLQHHUHG$FRXVWLF6HQVRU6\VWHP


WHQVLRQWRWKHPHPEUDQHLOOXVWUDWHGLQ)LJ7KH3=7VWDFN
XVHGLVD3,&0$VWDFNPXOWLOD\HUSLH]RDFWXDWRU3
IURP3,&HUDPLF(YDOXDWLRQ WHVWVZHUHFRQGXFWHGWRDQDO\]H
WKHIUHTXHQF\UHVSRQVHRIWKHWUDQVGXFHUDVGHWDLOHGLQ6HFWLRQ
9,

)LJ  ± $ ' YLHZ RI WKH DFRXVWLF WUDQVGXFHU EXLOW ZLWK D .DSWRQ
PHPEUDQH ȝP WKLFN DQG D 3=7 VWDFN OHQJWK PP KHLJKW PP
ZLGWK PP%7RSYLHZRIWKHWUDQVGXFHURXWOLQLQJDFHQWUDOSRLQWRYHU
WKH .DSWRQ PHPEUDQH  6LGH YLHZ RI WKH WUDQVGXFHU LOOXVWUDWLQJ WKH
SRODULW\RIGLVSODFHPHQWZKHQWKHPHPEUDQHLVGULYHQE\VRXQGDQGDOVR
WKH VWUHWFKLQJ GLUHFWLRQ ZKLFK WKH 3=7 VWDFN FDQ SURYLGH WR DOWHU WKH
EHKDYLRURIWKHVHQVRU
B. Adapting Control System 
,QWKHPRWKKHDULQJV\VWHPDVUHSRUWHGLQ>@WKHHIIHFWLYH
VWLIIQHVV RI WKH W\PSDQLF PHPEUDQH PLJKW EH SK\VLFDOO\
GHSHQGHQWRQWKHDPSOLWXGHRIWKHLQSXWVWLPXOLUHDFKLQJLWLH
VWLIIQHVVDVDIXQFWLRQRILQSXWDPSOLWXGH)ROORZLQJDVLPLODU
DSSURDFK LW LV SURSRVHG WKDW D EDFNHQG VLJQDO SURFHVVLQJ
DOJRULWKP FDQ EH FRPSXWHG ZLWKLQ D SURFHVVLQJ XQLW WR
SURJUHVVLYHO\ DGDSW WKH UHVRQDQFH IUHTXHQF\ RI WKH SXUSRVH
EXLOW GHYLFH 7KH DOJRULWKP LV WLPH DQG DPSOLWXGH GHSHQGHQW
DQGLVGHVLJQHGWREHHDVLO\H[HFXWHGZKLOHSURYLGLQJUHDOWLPH
UHVXOWV7KHZRUNIORZRIWKHVLJQDOSURFHVVLQJLVSUHVHQWHGLQ
)LJ  ZKLFK PLPLFV VRPH ³VLPSOH´ PHFKDQLVPV UHSRUWHG
ZLWKLQ DXGLWRU\ VLJQDO SURFHVVLQJ >@ VXFK DV WKH ILUVW WZR
EORFNV UHSUHVHQWLQJ WKH³0HFKDQRUHFHSWRUFHOOV UROH´DQG WKH
IROORZLQJ WZR EORFNV WKH ³1HXURQDO FHOOV UROH´ ± UHIHU WR
6HFWLRQ,,IRUIXUWKHUGHWDLODERXWHDFKHOHPHQW

)LJ±6FKHPDWLFGLDJUDPRIWKH³$GDSWLQJ&RQWURO6\VWHP´DOJRULWKP
:KHUHsUHSUHVHQWVWKHRXWSXWVLJQDORIWKHV\VWHPUHFDOO)LJZKLFKLV
IHGLQWRWKHIHHGEDFNSDWKZD\RIVLJQDOSURFHVVLQJr UHSUHVHQWV WKHKDOI
ZDYH UHFWLILHU RXWSXW VLJQDO k VKRZV WKH FDSDFLWLYH RXWFRPH IURP WKH
PHFKDQRUHFHSWRU FHOOV FKDUJLQJ HIIHFW c UHSUHVHQWV WKH RQRII QHXURQDO
UHVSRQVH WKUHVKROG GHSHQGHQW FRPSDULVRQ ZKLFK LV WKHQ VPRRWKHG
 ௗܸ௥௜௩௜௡௚ LQ RUGHU WR SURYLGH D SURJUHVVLYH FRQWURO RI WKH WUDQVGXFHU
V
UHVRQDQFH IUHTXHQF\ DGDSWDWLRQ ߬௥ DQG ߬௖ UHSUHVHQW WKH WLPH IDFWRUV RIۃݎሺݐሻۄDQGۃܿሺݐሻۄEORFNVUHVSHFWLYHO\

7KH DOJRULWKP HYROYHV DV IROORZV WKH RXWSXW VLJQDO ݏ
UHDGRXWIURPWKHVHQVRULVDYHUDJHGRYHUWLPHDQGRQFHDSUH
GHILQHG WKUHVKROG LV UHDFKHG WKH FRPSXWDWLRQDO DOJRULWKP
GULYHV RXWSXW VLJQDOV  ௗܸ௥௜௩௜௡௚ WR FRQWURO WKH IURQWHQG
WUDQVGXFHU¶VIUHTXHQF\UHVSRQVHHJVWUHWFKLQJWKHPHPEUDQH
±FKDQJLQJVWLIIQHVV,QWKLVHQJLQHHUHGYHUVLRQRI³KHDULQJ´±
WKHWLPHDYHUDJLQJEORFNVۦݎሺݐሻۧDQGۦܿሺݐሻۧDUHLPSOHPHQWHG
XVLQJILUVWRUGHU,,5,QILQLWH,PSXOVH5HVSRQVHV\VWHPVZLWK
WUDQVIHUIXQFWLRQVJLYHQLQ=GRPDLQE\(T
 ܪሺݖሻ ൌ ߙ ሺ	 ? െሺ	 ? െ ߙሻܼିଵሻ	?      

ZKHUH ߙ ൌ 	 ? ߬	?  UHSUHVHQWV WKH PRYLQJDYHUDJH ZLQGRZ
FRHIILFLHQW DQG ߬ LV WKH DYHUDJH WLPH IDFWRU )XUWKHU GHWDLOV
DERXW WKH DOJRULWKP DUH SURYLGHG LQ 6HFWLRQ 9 ZKHQ WKH
WKHRUHWLFDOPRGHORIWKHV\VWHPLVSUHVHQWHGDQGLWVSHUIRUPDQFH
HYDOXDWHG
,9 (0%(''('6<67(06(783
7KLV6HFWLRQGHVFULEHVWKHHPEHGGHGV\VWHPVHWXSGHVLJQHG
WR LPSOHPHQW WKH FRQFHSW RI WKH IHHGEDFN FRQWURO V\VWHP
LOOXVWUDWHGLQ)LJWKDWHQVXUHVUHVXOWVSURGXFHGLQUHDOWLPH
A. Control and Processing Unit 
$VFKHPDWLFGLDJUDPRIWKHHPEHGGHGV\VWHPVHWXSXVHGWR
G\QDPLFDOO\DGDSWDQGFRQWUROWKHPHFKDQLFDOSURSHUWLHVRIWKH
WUDQVGXFHU FDQ EH DFFHVVHG LQ >@ 7KH DFRXVWLF WUDQVGXFHU
EXLOW ZLWK .DSWRQ DQG 3=7 PDWHULDOV DQG WKH DOJRULWKP
SUHVHQWHG DERYH ZHUH LQWHJUDWHG LQ WKLV VHWXS $ ODVHU
YLEURPHWHUKHDGFRQWUROOHU3RO\WHF2)9SURYLGLQJDQ
DQDORJRXWSXWYROWDJHZDVXVHGDVWKHUHIHUHQFHPHDVXUHPHQW
VLJQDORI WKHGLVSODFHPHQWV LQGXFHGRQWR WKHPHPEUDQH IURP
DFRXVWLF VWLPXOL$ELW0&80LFURFRQWUROOHU8QLW IURP
670LFURHOHFWURQLFV670)UXQQLQJDW0+]LVXVHGWR
FRPSXWH WKH DOJRULWKP 3UHDPSOLILFDWLRQ DQG ILOWHULQJ DUH
SURYLGHG LQWHJUDWHG RQ D FRQGLWLRQLQJ FLUFXLW IRU WKH RXWSXW
VLJQDOVFRPLQJIURPWKHODVHUFRQWUROOHU6LJQDODFTXLVLWLRQLV
GRQHXVLQJDQRQERDUGELW$'FRQYHUWHUZLWKDVDPSOLQJ
IUHTXHQF\ RI N+] 'DWD LV DFTXLUHG DQG PDQDJHG XVLQJ
LQWHUUXSWEDVHG URXWLQHV $ WKUHVKROG EDVHG DOJRULWKP LV
H[HFXWHGLQVLGHWKH&38&HQWUDO3URFHVVLQJ8QLWZKLFKLVVHW
DFFRUGLQJWRWKHLQWHQVLW\RIWKHLQSXWVRXQGVLJQDOVVXFKWKDW
WKH IHHGEDFN FRQWURO V\VWHP FDQ G\QDPLFDOO\ DGDSW WKH
VWUXFWXUDO PHFKDQLFV RI WKH IURQWHQG WUDQVGXFHU LQ UHDOWLPH
7KH3=7VWDFNLVDFWXDWHGXVLQJDELW'$FRQYHUWHUZLWKDQ
DGGLWLRQDODQDORJGULYLQJFLUFXLWWRDPSOLI\FRPSDWLEOHRXWSXW
VLJQDOV
$V SUHYLRXVO\ GHVFULEHG WKH DLP RI WKLV SXUSRVHEXLOW
HPEHGGHGV\VWHPLVWRLPSOHPHQWWKHFRQFHSWRIDIUHTXHQF\
DJLOHDFRXVWLFVHQVRUZKLFKSURYLGHVUHVXOWVLQUHDOWLPHVRWKH
VHWXSVKRXOGHQVXUH UHDOWLPHVLJQDOSURFHVVLQJZLWKDFFXUDWH
GDWDVDPSOLQJ7KHDSSURDFKLVEDVHGRQKDUGDQGVRIWLQWHUUXSW
URXWLQHVZKLFKDOORZSULRULWL]DWLRQRIWKHDFTXLVLWLRQWDVN7KH
VDPSOLQJ UDWH RI WKH $' UHTXLUHG WKUHH KDUGZDUH LQWHUUXSW
URXWLQHV FRQILJXUHG DV IROORZV  7LPHU FRQILJXUHG LQ
FRXQWHUPRGHLVXVHGWRWULJJHUWKH$'WRVWDUWDFTXLVLWLRQ
$' HQGRIFRQYHUVLRQ IODJ LV XVHG WR VLJQDO WKH '0$
FRQWUROOHU WR FROOHFW DQG WUDQVIHU GDWD WR PHPRU\  '0$
GDWDWUDQVIHUFRPSOHWHIODJLVXVHGWRVLJQDOWKH&38WKURXJKD
VRIWZDUHLQWHUUXSWURXWLQHZKHQGDWDLVUHDG\WREHSURFHVVHG
7KH&38FRPSXWHVWKHDOJRULWKPZKLFKVHWVWKHUHVXOWVWKURXJK
WKH'$FRQYHUWHUWKDWGULYHVRXWSXWVLJQDO
!0DQXVFULSW1R6HQVRUV6LPSOH(DUV,QVSLUH)UHTXHQF\$JLOLW\LQDQ(QJLQHHUHG$FRXVWLF6HQVRU6\VWHP


B. Analog Conditioning Circuits  
$VSUHYLRXVO\PHQWLRQHGWKHVLJQDOVUHODWLQJWRWKH.DSWRQ
PHPEUDQH¶V GLVSODFHPHQWV DUH PHDVXUHG XVLQJ DQ RSWLFDO
VLJQDO'XHWRWKHLQKHUHQWVHWXSHJPDQXDODOLJQPHQWRIWKH
ODVHUKHDGODVHUEHDPHWFWKHRXWSXWVLJQDOVJLYHQE\WKH
ODVHUFRQWUROOHUFDQH[KLELWORZVLJQDOWRQRLVHUDWLR,QRUGHUWR
HQVXUHVXLWDEOHGLVFULPLQDWLRQRIVLJQDOVDFTXLUHGE\WKH$'
DPSOLILFDWLRQ DQG ILOWHULQJ DUH UHTXLUHG $PSOLILFDWLRQ LV
SHUIRUPHG XVLQJ DQ LQVWUXPHQWDWLRQ DPSOLILHU IURQWHQG ZLWK
YDULDEOHJDLQXS WRG% LQFOXGLQJDQDGGLWLRQDO ILOWHUVWDJH
IRU ORZ IUHTXHQF\ VXSSUHVVLRQ ZLWK FXWRII IUHTXHQF\
DSSUR[LPDWHO\N+]/RZSDVVILOWHULQJLVDOVRSURYLGHGXVLQJD
%XWWHUZRUWK WK RUGHU ILOWHU ZLWK FXWRII IUHTXHQF\
DSSUR[LPDWHO\N+]LQD6DOOHQ.H\FRQILJXUDWLRQWKLVLVIRU
DQWLDOLDVLQJ ILOWHULQJ DV ZHOO DV KLJKIUHTXHQF\ VXSSUHVVLRQ
7KH ILQDO VWDJH RI WKLV FRQGLWLRQLQJ FLUFXLW LV D YDULDEOH '&
OHYHOVKLIWFLUFXLWZKLFKSURYLGHVVLQJOHHQGHGRXWSXWVWRIHHG
WKH $' XQLSRODU 9 DV ZHOO DV WR FRUUHFW DQ\ '&RIIVHW
HUURUVDGGHGIURPWKHSUHYLRXVVWDJHVRIWKHFLUFXLWDVVKRZQ
LQWKHVFKHPDWLFRI)LJD,QRUGHUWRRSHUDWHWKH3=7VWDFN
ZLWKLQDYROWDJHUDQJHXSWR9LWZDVQHFHVVDU\WRGHVLJQD
FLUFXLWWRDPSOLI\XSWRG%RIJDLQWKHRXWSXWVLJQDOVIURP
WKH'$XQLSRODU9$QRQLQYHUWHUDPSOLILHUFLUFXLWXVLQJ
WKH 3$ GHYLFH IURP $SH[ 0LFURWHFKQRORJ\ ZDV XVHG DV
LOOXVWUDWHGLQ)LJE

)LJ  ± 6FKHPDWLF RYHUYLHZ RI WKH FLUFXLWV XVHG IRU FRQGLWLRQLQJ DQG
GULYLQJ$&RQGLWLRQLQJFLUFXLWIRUWKHODVHURXWSXWVLJQDOV±/1$%3)
DQG'&OHYHOVKLIW%'ULYHUFLUFXLWXVHGWRDPSOLI\WKHRXWSXWVLJQDOVIURP
WKH'$FRQYHUWHU9WRRSHUDWHWKH3=7VWDFN9
9 7+(25(7,&$/02'(/2)7+(385326(%8,/76<67(0
7KLV 6HFWLRQ SUHVHQWV DQ RYHUDOO WKHRUHWLFDO PRGHO RI WKH
IUHTXHQF\DJLOHV\VWHPLQWURGXFHGLQ6HFWLRQ,,,
A. Front-end Transducer 
7KHVWUXFWXUDODFRXVWLFVDQGYLEUDWLRQDOEHKDYLRURIWKHIURQW
HQG WUDQVGXFHU REH\V D OLQHDU VLQJOH GHJUHH RI IUHHGRP
RVFLOODWRU UHVSRQVH ZKLFK IRU WKH SXUSRVHV RI WKLV VWXG\ FDQ
IDLWKIXOO\ EH H[SUHVVHG PDWKHPDWLFDOO\ DV D QG RUGHU V\VWHP
ZLWKWKH/DSODFHH[SUHVVLRQSUHVHQWHGLQ(TUHIHUWR>@
IRU IXQGDPHQWDO PHWKRGV DERXW VWUXFWXUDO DFRXVWLFV DQG
YLEUDWLRQV
 ܪሺݏሻ ൌ ఠబమ௦మା௦ഘబೂ ାఠబమ        

ZKHUH߱଴UHSUHVHQWVLWVQDWXUDOUHVRQDQFHIUHTXHQF\DQGܳLWVTXDOLW\IDFWRU7KHRUHWLFDOO\ZKHQSURYLGLQJDGGLWLRQDOWHQVLRQ
RYHU WKHPHPEUDQHE\SXOOLQJ WKHVWUXFWXUHDSDUW DW WKHVLGH
SRLQWV LW VKRXOG FKDQJH WKH HIIHFWLYH VWLIIQHVV DQG
FRQVHTXHQWO\DOWHULWVQDWXUDOUHVRQDQWIUHTXHQF\VLQFH߱଴ଶ ൌ݇ ݉	? kVWLIIQHVVm±PDVVDVVKRZQLQ)LJ

)LJ ± $ )UHTXHQF\ UHVSRQVH RI DQG RUGHU V\VWHP ZKLOH߱଴ WHUP LVDOWHUHGDVDFRQVHTXHQFHRISURYLGLQJDGGLWLRQDOWHQVLRQRYHUWKHPHFKDQLFDO
VWUXFWXUHZKLFKFRQVHTXHQWO\DIIHFW LWV VWLIIQHVV± VKLIWLQJ IUHTXHQF\ %
*UDSKLFDOUHSUHVHQWDWLRQRI߱଴ଶ ൌ ݇ ݉	? ±KLJKOLJKWLQJWKHUHJLRQEHWZHHQWZR UHVRQDQW IUHTXHQFLHV WKDW VKRZV D TXDVLOLQHDU SURILOH ,QWHUYDO RI
IUHTXHQFLHVKLJKOLJKWHGDUHUHODWHGWRWKHH[SHULPHQWDOUHVXOWVSUHVHQWHGLQ
6HFWLRQ9,IRUFRPSDULVRQ
B. Algorithm 
7KH³$GDSWLQJ&RQWURO6\VWHP´DOJRULWKPLQWURGXFHGLQ)LJ
 LV WHVWHG ZLWK V\QWKHWLF VRXQG VLJQDOV DV IROORZV 7KH
DOJRULWKPLVGLYLGHGLQWZRSDUWV³0HFKDQRUHFHSWRUFHOOVUROH´
DQG³1HXURQDOFHOOVUROH´$VUHSRUWHGLQWKHOLWHUDWXUH>@LW
KDVEHHQGHPRQVWUDWHGWKDWZKHQLQFUHDVLQJIUHTXHQF\RILQSXW
VWLPXOL PHFKDQRUHFHSWRU FHOOV JUDGXDOO\ DOWHU WKHLU UHVSRQVH
IURP DOWHUQDWLQJ PRGH $& WR GLUHFW PRGH '& ± WKDW
EHKDYLRU LV DFKLHYHG E\ WKH FRXSOLQJ EHWZHHQ WKH LQLWLDO WZR
EORFNV KDOIZDYH UHFWLILHU  ORZSDVV ILOWHU RI WKLV
FRPSXWDWLRQDODOJRULWKP,Q)LJWKHWRSURZLOOXVWUDWHVIRXU
H[DPSOHV RI ݏሺݐሻ VLJQDOV LH UHIHUHQFH VLJQDO RI WKH V\VWHP
ZKLFKLVXVHGWRIHHGWKHZRUNIORZRIVLJQDOSURFHVVLQJWKDW
ZKLOHLQFUHDVLQJLWVIUHTXHQF\VKRZDJUDGXDOFKDQJHIURP$&
WR '& PRGH RI RSHUDWLRQ 7KDW EHKDYLRU LV LOOXVWUDWHG LQ WKH
ERWWRPURZRI)LJZLWKWKH݇ሺݐሻVLJQDOSORW7KLVFKDQJLQJ
JUDGLHQWLVGHSHQGHQWRQۃݎሺݐሻۄWLPHWHUP߬௥
)LJ±³0HFKDQRUHFHSWRUFHOOVUROH´VLJQDOSURFHVVLQJUHVSRQVHVKRZLQJ
JUDGXDOFKDQJLQJIURP$&WR'&PRGHZKHQIUHTXHQF\RILQSXWVWLPXOLLV
LQFUHDVHGZLWK߬௥ ൌ 	?Ǥ	?	?	?݉ݏ
7KH³1HXURQDOFHOOVUROH´LVWKHQH[WVWHSRIWKHDOJRULWKP,W
VHWVDFRPSDULVRQEHWZHHQDWKUHVKROGSUHYLRXVO\GHILQHGZLWK
WKHUHVXOWHGVLJQDO݇ሺݐሻIROORZHGE\DQDGGLWLRQDOORZSDVVILOWHU
ۃܿሺݐሻۄ)LJDSUHVHQWVWKUHHH[DPSOHVXVLQJGLIIHUHQWYDOXHV
RI WKUHVKROGLHDQG±IURPERWWRPWRWRS
7KH RXWSXW RI WKH FRPSDUDWRU LV GHILQHG E\ ܿሺݐሻ ZKLFK LV
HVVHQWLDOO\ DQ RQRII RXWSXW VLJQDO 7KLV PHDQV WKDW LI ݇ሺݐሻ
SUHVHQWVDQRVFLOODWRU\VLJQDWXUHDWWKHLQSXWRIWKHFRPSDUDWRU
!0DQXVFULSW1R6HQVRUV6LPSOH(DUV,QVSLUH)UHTXHQF\$JLOLW\LQDQ(QJLQHHUHG$FRXVWLF6HQVRU6\VWHP


DURXQGLWVWKUHVKROGYDOXH ௧ܸ௛௥௘௦௛௢௟ௗ±)LJDWRSDQGPLGGOHSORWVWKDWZLOOWULJJHUDQRVFLOODWRU\RQRIIUHVSRQVHRIܿሺݐሻDV
LOOXVWUDWHG LQ)LJE± WRSDQGPLGGOHSORWV6R WKHUROH WKDWۃܿሺݐሻۄ SOD\V WR VWDEOLVK D PRUH VWDEOH DQG VPRRWKHG RXWSXW
VLJQDO ௗܸ௥௜௩௜௡௚RIWKHDOJRULWKPLVHVVHQWLDO2QRQHKDQGORZ
DYHUDJLQJ WLPHV ZLWKLQ ۃܿሺݐሻۄ ՜  ߬௖ ZLOO VHW IDVWHU RYHUDOOUHVSRQVHV RQVHW RI WKH DOJRULWKP KRZHYHU LW ZLOO PDNH WKH
V\VWHPOHVVUREXVWWRIDVWVZLWFKLQJDWWKHFRPSDUDWRUVWDJH±
)LJEWRSDQGPLGGOHSORWVRQWKHOHIWVKRZVܿሺݐሻVLJQDOZLWK
VRPH ULSSOH ZKHQ ߬௖ ൌ 	 ?݉ݏ 2Q WKH RWKHU KDQG KLJKHUDYHUDJLQJ WLPHVZLOO LQFUHDVH WKHV\VWHP¶V UREXVWQHVVDJDLQVW
IDVWVZLWFKLQJKRZHYHU LWFDXVHV WKHV\VWHPWR UHDFWVORZHU 
VSHQGLQJPRUHWLPHWRDFKLHYHLWVVWHDG\VWDWH)LJEWRSDQG
PLGGOH SORWV RQ WKH ULJKW VKRZ ܿሺݐሻ VLJQDO LPPXQH WR IDVW
VZLWFKLQJEXWZLWKVORZFRQYHUJHQFHZKHQ߬௖ ൌ 	 ?	 ?݉ݏ:KHQWKH WKUHVKROG LV IXOO\DFKLHYHGZLWKD'&FRPSRQHQWDW݇ሺݐሻ
WKDWZLOOVHWDVPRRWKHGDQGSURJUHVVLYHRXWSXWUHVSRQVHRIWKH
DOJRULWKP DV LOOXVWUDWHG LQ )LJ  ± ERWWRP SORWV ZKHQ ௧ܸ௛ ൌ	?Ǥ	?	? 7KH RYHUDOO WLPH UHVSRQVH RI WKH DOJRULWKP LV PDLQO\
GHSHQGHQW RQ ߬௖ VLQFH ߬௥ LV NHSW VLJQLILFDQWO\ VPDOOHU LQFRPSDULVRQLQRUGHUWRHQVXUH'&PRGHVRIRSHUDWLRQDW ORZ
IUHTXHQFLHV


)LJ±³1HXURQDOFHOOVUROH´VLJQDOSURFHVVLQJUHVSRQVHVKRZLQJWKUHVKROG
DQGWLPHGHSHQGHQF\VHWWOHGPDLQO\E\WKHFRPSDUDWRUDQGۃܿሺݐሻۄEORFNV
UHVSHFWLYHO\ $ VKRZV WKUHH H[DPSOHV RI NW VLJQDO XVLQJ GLIIHUHQW
WKUHVKROGV % LOOXVWUDWHV WKH FRUUHVSRQGHQW VLJQDOV FW VKRZLQJ WKH
LQIOXHQFHRI߬௖LQWKHDOJRULWKP¶VSHUIRUPDQFHDQGVWDELOLW\
C. Testing the Overall Feedback System Response 
,QRUGHUWRPRGHOWKHRYHUDOOV\VWHPUHVSRQVHVKRZQLQ)LJ
WKUHHGLIIHUHQWV\QWKHWL]HGVRXQGVLJQDOVDUHSUHVHQWHGWRWKH
V\VWHP¶VLQSXWWRWULJJHUIUHTXHQF\WXQLQJWKDWWUDYHOVIURP ଴݂WRZDUGV ଴݂ᇱᇱDVLOOXVWUDWHGLQ)LJ)LUVWRIDOOLQDWXQLQJLVVHHQDWWKHEHJLQQLQJRIWKHLQSXWVLJQDOZLWKIUHTXHQF\ ଴݂KRZHYHU RQFH WKH DOJRULWKP VWDUWV WR EH LWHUDWHG WKDW ZLOO
LQLWLDWHV LWV LQIOXHQFH RYHU WKH IURQWHQG VHQVRU IUHTXHQF\
UHVSRQVHLHPRGHOLQJWKHPHFKDQLFDOSURSHUWLHVRIWKHIURQW
HQGWUDQVGXFHUEHLQJFKDQJHGDQGVRDIWHUDSSUR[LPDWHO\PV
WKHV\VWHPWXQLQJEHFRPHVRIIUHVRQDQFH6HFRQGO\LQEWKH
LQSXWVLJQDOZLWKIUHTXHQF\ ଴݂ᇱLVQRWLQLWLDOO\PDWFKHGZLWKWKHLQLWLDO UHVRQDQW IUHTXHQF\ RI WKH V\VWHP ଴݂ KRZHYHU DIWHUDSSUR[LPDWHO\ PV RI LQSXW VWLPXOXV EHLQJ SUHVHQWHG WKH
V\VWHPVKRZVUHVRQDQWWXQLQJPDWFKHGZLWKWKHLQSXWVLJQDODW
IUHTXHQF\ ଴݂ᇱGXH WR IHHGEDFNDGDSWDWLRQ7KLUGO\ LQ F WKHUHVRQDQFH WXQLQJ UHVSRQVHRI WKH V\VWHP LVPDWFKHGZLWK WKH
LQSXWVLJQDODWIUHTXHQF\ ଴݂ᇱᇱ7KLVKDSSHQVZKHQWKHDOJRULWKPUHDFKHV LWV VWHDG\VWDWH RI DGDSWDWLRQ ,I WKHUH LV QR DFRXVWLF
LQSXWSUHVHQWHGWRWKHV\VWHPWKHWKUHVKROGZLOOQRWEHUHDFKHG
DQGVRWKHIURQWHQGVHQVRUIUHTXHQF\UHVSRQVHZLOOUHWXUQEDFN
WRLWVLQLWLDOUHVRQDQFHDW ଴݂
)LJ  ± 0RGHOOLQJ WKH IHHGEDFN FRQWURO V\VWHP LOOXVWUDWHG LQ )LJ 
VKRZLQJ WKUHH GLIIHUHQW UHVRQDQFH UHVSRQVHV D E DQG F DW ଴݂ ൌ	?Ǥ	?	?	?݇ܪݖ ଴݂ᇱ ൌ 	?Ǥ	?	?	?݇ܪݖDQG ଴݂ᇱᇱ ൌ 	?Ǥ	?	?	?݇ܪݖUHVSHFWLYHO\8VLQJ߬௥ ൌ	?Ǥ	?	?	?݉ݏ ௧ܸ௛௥௘௦௛௢௟ௗ ൌ 	 ?Ǥ	 ?	 ?DQG߬௖ ൌ 	?	?݉ݏ
7KH LPSXOVH UHVSRQVH RI WKH RYHUDOO V\VWHP ZDV DOVR WHVWHG
SUHVHQWHG LQ )LJ  DQG VKRZV KLJKHU LPPXQLW\ WR IDVW
WUDQVLHQWVRI WKH LQSXWVLJQDOZKHQXVLQJKLJKHUYDOXHVRI߬௖6RWKHRYHUDOOVWDELOLW\JLYHQE\WKHIHHGEDFNFRQWUROV\VWHPLV
GHSHQGHQW RQ WKRVH WKUHH SDUDPHWHUV ߬௥ ௧ܸ௛௥௘௦௛௢௟ௗ DQG ߬௖+RZHYHULWFDQEHPDLQO\FRQWUROOHGE\߬௖ZKHQNHSWKLJKHUWKDQ WKH VHWWOLQJ WLPHRI WKH IURQWHQG VHQVRU ZKLFK LV 	?݉ݏ
DSSUR[LPDWHO\ LQ GHWULPHQW WR WKH DOJRULWKP¶V WLPH RI
FRQYHUJHQFH)RULQVWDQFHLQ)LJEZKHQ߬௖ ൌ 	?	?݉ݏWKHDOJRULWKPDFFRXQWV IRU WKH WUDQVGXFHU¶VVHWWOLQJ WLPH WRRFFXU
ZKLFK WKHQ LPSURYHV WKH V\VWHP¶V VWDELOLW\ ZKHQ IDVW LQSXW
WUDQVLHQWVDSSHDUFRPSDUHGWRZKHQ߬௖ ൌ 	 ?݉ݏDVLOOXVWUDWHGLQ)LJD

)LJ  ± ,PSXOVH UHVSRQVH RI WKH RYHUDOO IHHGEDFN FRQWURO V\VWHP ZLWK
VHWWOLQJ WLPHൎ 	 ?݉ݏ ± VHH ³2XWSXW5HVSRQVH´SORWV ZLWK߬௥ ൌ 	 ?Ǥ	 ?	 ?	 ?݉ݏDQG ௧ܸ௛௥௘௦௛௢௟ௗ ൌ 	 ?Ǥ	 ?	 ?$߬௖ ൌ 	 ?݉ݏDQG%߬௖ ൌ 	?	?݉ݏ
9, 5(68/76
7KLV 6HFWLRQ SUHVHQWV WKH UHVXOWV XVHG WR FKDUDFWHUL]H DQG
HYDOXDWH WKH IURQWHQG WUDQVGXFHU DV ZHOO DV WKH RYHUDOO
HPEHGGHGV\VWHPUHVSRQVHGXULQJUHDODFRXVWLFVWLPXOL
A. Evaluation of the Mechanical Response of the Front-end 
Transducer 
$FRXVWRVWUXFWXUDO LQWHUDFWLRQV LQ WKH WUDQVGXFHU ZHUH
HYDOXDWHGXVLQJODVHU'RSSOHUYLEURPHWHU/'9PHDVXUHPHQWV
DVZHOODVSHUIRUPLQJ ILQLWHHOHPHQWPRGHOOLQJ LQ&2062/
!0DQXVFULSW1R6HQVRUV6LPSOH(DUV,QVSLUH)UHTXHQF\$JLOLW\LQDQ(QJLQHHUHG$FRXVWLF6HQVRU6\VWHP


7KHIUHTXHQF\UHVSRQVHUHVXOWLQJIURP&2062/VLPXODWLRQV
LVSUHVHQWHGLQ)LJD,WVKRZVDVXLWDEOHDSSUR[LPDWLRQRI
WKH UHVRQDQFH IUHTXHQFLHV JLYHQ E\ WKH WUDQVGXFHU EHIRUH LWV
FRQVWUXFWLRQ,WZDVLPSRUWDQWWRKDYHDQDSSUR[LPDWLRQRIWKHLU
HLJHQYDOXH VLQFH WKH GLPHQVLRQV RI WKH VWUXFWXUH FDQ SOD\ D
VLJQLILFDQWUROHLQWKDW7KHPHPEUDQHZDVWKHQPHDVXUHGXVLQJ
DQ/'9GXULQJDFRXVWLFVWLPXOLDQGPXOWLSOHUHVRQDQFHPRGHV
ZHUHLGHQWLILHGDVSUHVHQWHGLQ)LJE

)LJ±$&2062/VLPXODWLRQVKRZLQJWKHIUHTXHQF\UHVSRQVHRIWKH
PRGHOHGWUDQVGXFHUSUHVHQWLQJUHVRQDQWPRGHVEHWZHHQN+]%
)UHTXHQF\ UHVSRQVH RI WKH WUDQVGXFHU PHDVXUHG ZLWK /'9 VKRZLQJ 
UHVRQDQWPRGHVEHWZHHQN+]UHODWHGWRRXWOLQHGFHQWUDOSRLQWRYHU
WKHPHPEUDQHUHFDOO)LJ

$V SUHYLRXVO\ GHVFULEHG WKH IUHTXHQF\ UHVSRQVH RI WKH
PHPEUDQHFDQEHDOWHUHGE\LQFUHDVLQJWHQVLRQRYHULWDQGWKDW
ZDV WHVWHG H[SHULPHQWDOO\ DQG LV SUHVHQWHG LQ )LJ D 7KH
WHQVLRQHIIHFWRYHUWKHWUDQVGXFHUZDVWHVWHGE\GULYLQJWKH3=7
VWDFN ZLWK '& YROWDJHV EHWZHHQ 9 ZLWK 9 VWHS
LQFUHPHQWVUHVXOWLQJLQDSURSRUWLRQDOLQFUHPHQWRIWKHQDWXUDO
UHVRQDQWIUHTXHQF\RIWKHVHQVRU)LJE±KLJKOLJKWLQJWKH
VW UHVRQDQW IUHTXHQF\ EHLQJ VKLIWHG IURP N+] WR
N+]	?ݓ ൌ 	?	?	?ܪݖZKHUH 	?ݓ LV WKH IUHTXHQF\VKLIWLQJ
ZLQGRZ WKDW WKH WUDQVGXFHU FDQ EH RSHUDWHG 7KLV WHVWLQJ
YDOLGDWHV WKH WUDQVGXFHU¶VGHVLJQZLWK WKHPRGHOSUHVHQWHG LQ
6HFWLRQ9ZKLFKZHFRQVLGHUDFFHSWDEOH IRU WKHSXUSRVHVRI
WKLVZRUN

)LJ±/'9PHDVXUHPHQWVZKLOHSURYLGLQJ'&YROWDJHVRYHUWKH3=7
WHUPLQDOV$VWUHVRQDQWPRGHRIWKH.DSWRQPHPEUDQHZKLOHSURYLGLQJ
GLIIHUHQW WHQVLRQV GULYLQJYROWDJHV %$SSUR[LPDWLRQ WRDTXDVLOLQHDU
VKLIWLQJRIWKHQDWXUDOUHVRQDQFHIUHTXHQF\߂௙ ൎ 	?	?ܪݖ	?߂௏ ൌ 	 ? ܸWKDW
VKRZV D IDYRUDEOH PDWFK ZLWK WKH WKHRUHWLFDO PRGHO RI WKH IURQWHQG
WUDQVGXFHUUHFDOO)LJIRUFRPSDULVRQZLWKWKHWKHRUHWLFDOPRGHO
B. Tuning Response given by the Overall Embedded System 
7KH HPEHGGHG V\VWHP GHVFULEHG LQ 6HFWLRQ ,9 ZDV WHVWHG
LQWHJUDWLQJ DOO LWV SDUWV 7KH 0&8 ZDV ORDGHG ZLWK WKH
DOJRULWKPIROORZLQJWKHSURFHVVLQJZRUNIORZSUHVHQWHGLQ)LJ
)LJVKRZVWKUHHGLIIHUHQWWXQLQJUHVSRQVHVJLYHQE\WKH
SUHVHQWHGHPEHGGHGV\VWHP)UHTXHQF\WXQLQJWUDYHOVIURP ଴݂WRZDUGV ଴݂ᇱᇱVLPLODUWRWKDWSUHVHQWHGLQWKHWKHRUHWLFDOPRGHO
LQ6HFWLRQ9±)LJ)LUVWLQ)LJDWXQLQJLVVHHQDWWKH
EHJLQQLQJRIWKHLQSXWVLJQDOZLWKIUHTXHQF\ ଴݂KRZHYHURQFHWKHPHPEUDQHVWDUWVEHLQJVWUHWFKHGZLWKDWUDQVYHUVHSRVLWLYH
WHQVLRQ WKH PHFKDQLFDO SURSHUWLHV RI WKH PHPEUDQH DUH
FKDQJHGDQGVRLVLWVIUHTXHQF\UHVSRQVH±DIWHUDSSUR[LPDWHO\
PV WKH V\VWHP WXQLQJ EHFRPHV RIIUHVRQDQFH 6HFRQGO\ LQ
EWKHLQSXWVLJQDOZLWKIUHTXHQF\ ଴݂ᇱLVQRWPDWFKHGZLWKWKHLQLWLDO UHVRQDQW IUHTXHQF\ RI WKH V\VWHP ଴݂ KRZHYHU DIWHUDSSUR[LPDWHO\PVRIWKHLQSXWVWLPXOXVEHLQJSUHVHQWHGDQG
GXH WR PHFKDQLFDO DGDSWDWLRQV RI WKH PHPEUDQH WKH V\VWHP
VKRZV UHVRQDQW WXQLQJ PDWFKHG ZLWK WKH LQSXW VLJQDO DW
IUHTXHQF\ ଴݂ᇱ7KLUGO\LQFWKHUHVRQDQFHWXQLQJUHVSRQVHRIWKH V\VWHP LV PDWFKHG ZLWK WKH LQSXW VLJQDO DW IUHTXHQF\ ଴݂ᇱᇱZKHQWKHPHPEUDQHLVIXOO\VWUHWFKHGPD[WHQVLRQSURYLGHG
,I WKHUH LV QR DFRXVWLF LQSXW SUHVHQWHG WR WKH V\VWHP WKH
DOJRULWKPZLOOVHWQRVWUHWFKLQJRXWSXWPLQWHQVLRQSURYLGHG
WR WKH VHQVRU ZKLFK ZLOO UHWXUQ EDFN WR LWV LQLWLDO UHVRQDQFH
IUHTXHQF\DW ଴݂
)LJ  ± 5HVXOWV VKRZLQJ G\QDPLF IUHTXHQF\ DGDSWDWLRQV JLYHQ E\ WKH
HPEHGGHG V\VWHP SUHVHQWLQJ WLPH ߬ ൌ ߬௥ ൅ ߬௖ ൎ 	 ?	 ?݉ݏ DQG DPSOLWXGH ௧ܸ௛ ൌ 	 ?Ǥ	 ?9GHSHQGHQFLHVUHFDOO)LJIRUFRPSDULVRQ
 7KH SURFHVVLQJ WLPH VSHQW WR FRPSXWH WKH DOJRULWKP ZDV
PHDVXUHGDWDSSUR[LPDWHO\ȝVUXQQLQJWKH&38DW0+]
7KHSRZHUFRQVXPSWLRQRIWKHRYHUDOOHPEHGGHGV\VWHPZDV
HVWLPDWHGDWDURXQGP:±EDVHGRQWKHH[SHFWHGRSHUDWLQJ
FRQGLWLRQVRIWKH&38DQGGLJLWDOKDUGZDUHFRUHVFRQILJXUHGWR
LPSOHPHQW WKH FRPSXWDWLRQDO ZRUNIORZ RI VLJQDO DFTXLVLWLRQ
DQGSURFHVVLQJDVZHOODV WKHDQDORJFLUFXLWU\XVHGIRUVLJQDO
FRQGLWLRQLQJDQGGULYLQJ
9,, &21&/86,216
A. Bio-inspired Acoustic Sensor System 
(QJLQHHULQJFDQORRNLQWRELRORJ\WRWDNHLQVSLUDWLRQ2YHU
PLOOLRQV RI \HDUV RI HYROXWLRQDU\ SURFHVVHV QDWXUH KDV EHHQ
GHYHORSLQJ LQJHQLRXV VHQVRUV DOORZLQJ WKH FRQYHUVLRQ DQG
SURFHVVLQJ RI VXUURXQGLQJ HQYLURQPHQWDO LQIRUPDWLRQ $
IHHGEDFN PHFKDQLVP DFWLQJ RYHU WKH W\PSDQLF PHPEUDQH LQ
!0DQXVFULSW1R6HQVRUV6LPSOH(DUV,QVSLUH)UHTXHQF\$JLOLW\LQDQ(QJLQHHUHG$FRXVWLF6HQVRU6\VWHP


1RFWXLGPRWKHDUVLVXVHGWRDFKLHYHWXQLQJ>@,QVSLUHGE\
WKDW ZH LQWURGXFHG D QRYHO HQJLQHHUHG DFRXVWLF WUDQVGXFHU
FRQFHSW FRPELQLQJ PHFKDQLFDO VLJQDO SURFHVVLQJ ZLWK D
FRPSOHPHQWDU\ HOHFWULFDO IHHGEDFN FRPSXWDWLRQ >@  WKH
WUDQVGXFHU WKHUHIRUHFRPSXWHVDV WKHQDWXUDO V\VWHPGRHV WR
HQKDQFH SHULSKHUDO VLJQDO FRQGLWLRQLQJ DQG SURFHVVLQJ 7KLV
SDSHU GHVFULEHV PRGHOV DQG YDOLGDWHV WKH GHVLJQ RI WKDW
DFRXVWLF VHQVRU V\VWHP D FRPELQDWLRQ RI .DSWRQ DQG
SLH]RHOHFWULF FHUDPLF PDWHULDOV 7KH XVHRI PDWHULDOV VXFKDV
3=7ZDVIXQGDPHQWDOWRDFKLHYHWKHDGDSWDWLRQVRIWKLVIURQW
HQG WUDQVGXFHU GXH WR LWV PHFKDQRHOHFWULFDO FKDUDFWHULVWLFV
2WKHUVPDUWPDWHULDOVVXFKDVSRO\PHUVHJ()2$039')
RU($3DUHDOVRSURPLVLQJPDWHULDOVWRH[SORLWDQGXVHZLWKLQ
QHZVHQVRUDFWXDWRUGHVLJQVLQDFWLYHFRQWURODSSOLFDWLRQVVLQFH
WKH\DUHOLJKWZHLJKWIOH[LEOHORZFRVWJLYHHDV\LQWHJUDWLRQ
LQWR DQ\ VL]H RU PDWHULDO VKDSH DPRQJ RWKHU FKDUDFWHULVWLFV
>@)XUWKHUPRUHDIHHGEDFNFRPSXWDWLRQZDVDOVRGHYHORSHG
LQ RUGHU WR SURFHVV DFRXVWLF VLJQDOV EDVHG RQ ³VLPSOH´
PHFKDQLVPV RI DXGLWRU\ VLJQDO SURFHVVLQJ 0RUHRYHU DQ
HPEHGGHGV\VWHPVHWXSZDVLPSOHPHQWHGLQDIHHGEDFNFRQWURO
ORRS WR FRPSXWH WKH DOJRULWKP WKDW G\QDPLFDOO\ DGDSWV WKH
IUHTXHQF\ UHVSRQVHRI WKH IURQWHQG WUDQVGXFHU([SHULPHQWDO
UHVXOWVJLYHQE\WKHSXUSRVHEXLOWVHQVRUV\VWHPDUHDFFHSWDEOH
DQG FDQ EH PDWFKHG ZLWK WKHLU VLPXODWHG PRGHO HTXLYDOHQWV
ZKLFKXVHGWREHWWHUGHVFULEHDQGFKDUDFWHUL]HWKHVHQVRUV\VWHP
DQGLWVRYHUDOOIUHTXHQF\DJLOHEHKDYLRU
7KH SXUSRVHEXLOW DFRXVWLF VHQVRU V\VWHP IROORZV D TXDVL
OLQHDUUHVSRQVHRYHUDIXQFWLRQDOIUHTXHQF\UDQJHRI+],W
KDV+]RIIUHTXHQF\UHVROXWLRQDW9DQGLWVUHVSRQVHWLPH
ZDVVHWWREHPVZKLFKLVWKHWLPHGHILQHGIRUWKHVHQVRUWR
RSHUDWH IURP ଴݂ WR ଴݂ᇱᇱ XVLQJ  WR 9 UHVSHFWLYHO\ 7KHV\VWHP VWDELOLW\ ZDV HYDOXDWHG LQ VLPXODWLRQ DQG LW LV PDLQO\
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LQ WKH 'HSDUWPHQW RI (OHFWURQLF DQG
(OHFWULFDO(QJLQHHULQJDWWKH8QLYHUVLW\RI
6WUDWKFO\GH *ODVJRZ 8QLWHG .LQJGRP
+H KDV RYHU  \HDUV RI UHVHDUFK DQG
GHYHORSPHQW H[SHULHQFH LQ WKH DUHDV RI
VHQVRUVDQGKHDULQJV\VWHPV+LVUHVHDUFK
LQWHUHVWV DUH LQ WKH ILHOG RI ELRORJLFDOO\
LQVSLUHG DFRXVWLF V\VWHPV IURP WKH
IXQGDPHQWDOELRORJ\WRYDULRXVHQJLQHHULQJDSSOLFDWLRQWRSLFV
